Autosomal recessive polycystic kidney disease (ARpKD) is a severe pediatric hepatorenal disorder with pronounced phenotypic variability. A substantial number of patients with early diagnosis reaches adulthood and some patients are not diagnosed until adulthood. Yet, clinical knowledge about adult ARpKD patients is scarce. Here, we describe forty-nine patients with longitudinal follow-up into young adulthood that were identified in the international ARPKD cohort study ARegPKD. Forty-five patients were evaluated in a cross-sectional analysis at a mean age of 21.4 (±3.3) years describing hepatorenal findings. Renal function of native kidneys was within CKD stages 1 to 3 in more than 50% of the patients. Symptoms of hepatic involvement were frequently detected. Fourteen (31%) patients had undergone kidney transplantation and six patients (13%) had undergone liver transplantation or combined liver and kidney transplantation prior to the visit revealing a wide variability of clinical courses. Hepatorenal involvement and preceding complications in other organs were also evaluated in a time-to-event analysis. In summary, we characterize the broad clinical spectrum of young adult ARpKD patients. Importantly, many patients have a stable renal and hepatic situation in young adulthood. ARPKD should also be considered as a differential diagnosis in young adults with fibrocystic hepatorenal disease.
. The classic ARPKD phenotype is characterized by early-onset disease with bilateral enlargement of the kidneys and impairment of renal function as well as congenital hepatic fibrosis with subsequent portal hypertension 5 . ARPKD represents one of the leading causes of pediatric dialysis-dependency and pediatric kidney-, liver-or combined liver and kidney transplantation (KTx, LTx, CLKTx) 6 . Yet, there is major inter-and even intra-familiar clinical variability 7 . The correlation between hepatic and renal symptoms currently remains unclear 7, 8 . While renal involvement typically presents early in life or even prenatally, liver involvement tends to manifest later, typically with progressive hepatic fibrosis and portal hypertension 9, 10 . In rare cases, both renal and hepatic involvement may present in late adolescence or even in adulthood. Furthermore, thanks to medical progress in neonatology, pediatric nephrology, pediatric hepatology and pediatric transplant surgery, a substantial number of ARPKD patients reaches adulthood. The diagnosis and treatment of adult ARPKD patients can be particularly challenging due to the low prevalence of the disease in general, partly non-typical disease manifestations 11, 12 and a very low incidence of initial diagnoses of ARPKD in adulthood. In the literature, we can only refer to small case series or single case reports on adult ARPKD patients [12] [13] [14] [15] [16] [17] [18] [19] [20] . Here, we describe the real-world clinical spectrum of a large adult ARPKD cohort based on the international ARPKD registry and cohort study ARegPKD 21, 22 .
Results patient characteristics. From July 2013 to February 2018, 470 patients with the clinical diagnosis of
ARPKD that were treated at 63 centres in 19 different countries were included in the ARegPKD registry study (135 patients from Germany, 98 from Turkey, 80 from Poland, 27 from UK, 130 from other countries). Eighteen patients were excluded due to failure to comply with the inclusion/exclusion criteria or insufficient data quality. Of the remaining 452 patients, 49 patients (11%) with documented visits at age ≥ 18 years were available for data analysis. These 49 patients derived from 24 centres in 10 countries (23 patients from Germany, 9 from Belgium, 3 each from Poland, Turkey, France and the United Kingdom, 5 from other countries). For cross-sectional analysis and time-to-event-analysis of complications or organ manifestations, data sets of 45 adult patients with at least one visit at age 18 to 34 years were available. For four patients there were no suitable documented visits in this defined age frame. The number of informative cases for specific aspects of the cross-sectional analysis varied according to the availability of clinical information as provided by the participating centres. A flow chart of the patient selection process is depicted in Supplementary Fig. S1 .
General anthropometric patients' characteristics at analysed visit are shown in Table 1 . Due to the definition of analysis time point, patients were young adults with a median age of 19.9 years (range 18-29) and a mean age of 21.4 (±3.3) years.
Renal phenotype. More than half of the patients with available laboratory values at the analysed visit (22/42, 52%) showed native kidney function within chronic kidney disease (CKD) stages 1 to 3 (Fig. 1a) . Seventeen out of 42 (41%) patients received renal replacement therapy (RRT) prior to the analysed visit with a median age at onset of 11.0 years (IQR 5.3-15.3). Seventeen patients underwent at least one KTx or CLKTx. Median age at first KTx/CLKTx (n = 17) was 13.0 years (IQR 6.3-15.4; Fig. 1b) . Two-year kidney graft survival was 88% for KTx and 80% for CLKTx.
Mean office blood pressure (n = 38) at the analysed visit was 125 (±16) mmHg to 73 (±13) mmHg for the overall cohort. All but 7 patients (38/45, 84%) required at least one antihypertensive substance with 6/45 (13%) taking agents from three or four different substance classes. The most frequently applied substances were ACE-inhibitors (25/45, 56%) and beta blockers (15/45, 33%) .
Mean pole-to-pole (PTP) lengths of native kidneys (n = 10) were 11.5 cm (±2.7, range 7.1-15.0) for the right kidney and 11.6 cm (±3.3, range 7.1-16.0) for the left kidney as determined by ultrasound. Mean PTP lengths in patients without RRT (n = 7) were 12.6 (±2.0) cm for the right and 13.2 (±2.5) cm for the left kidney. Patients with previous RRT (n = 3) showed smaller kidneys with a mean PTP length of 8.8 (±2.4) cm for the right and 7.7 (±0.8) cm for the left kidney. Data on ultrasound-determined kidney volume were scarce and varied grossly with mean volumes of 327.0 ml (±121.8, range 205.0-441.0 ml, n = 4) for the right and 292.0 ml (±102.2, range 230.0-410.0 ml, n = 3) for the left native kidney. Sonographic morphology of the native kidneys encompassed renal cysts, increased echogenicity and reduced or abrogated cortex-medulla differentiation (Fig. 1a) . All patients with evaluable ultrasound analyses showed detectable renal cysts with most patients showing multiple bilateral cysts (>10 cysts per kidney). The remaining patients were indicated to show few separated cysts per kidney (up to 3). One patient did not have detectable cysts in the right kidney, but two cysts in the left kidney despite being compound heterozygous for two PKHD1 missense variants.
Time-to-event analysis of renal disease manifestations revealed urinary tract infections, macroscopic hematuria and even renal osteopathy early in childhood, while documentation of arterial hypertension clustered slightly wider over childhood into early adolescence. With regards to sonographic abnormalities, increased echogenicity and renal cysts were usually reported prior to kidney enlargement (Fig. 1b) .
Liver phenotype. The liver phenotype of the 39 patients without previous transplantation at the analysed visit was evaluated according to reported past medical history (n = 32), physical examination (n = 23), laboratory findings (n = 35), and sonographic results (n = 15; Fig. 2a ). Six patients underwent LTx or CLKTx prior to the analysed visit. Median age at LTx/CLKTx (n = 6) was 16.1 years (IQR 11. 4-17.8 www.nature.com/scientificreports www.nature.com/scientificreports/ diagnosis of cholangitis since the last documented visit (3/32) were reported in some cases. There were no reports of gastric or anorectal varices at the analysed visit. Sonographic abnormalities were more frequently detected with 9/15 (60%) patients showing inhomogeneous liver parenchyma and 2/14 (14%) patients with reports of dilated bile ducts. Liver cysts were described in 3/13 (23%) patients (Fig. 2a) . Mean native liver size in the medioclavicular line (MCL; n = 9) was 13.7 (±3.4) cm, i.e. within the normal range. One out of 9 patients showed hepatomegaly on ultrasound. Mean sonographic spleen size (n = 7, 14.8 ± 2.9 cm) was above the upper normal limit of 13 cm in more than half of the patients without previous LTx/CLKTx. Thrombocytopenia (platelets < 150.000/ µl) occurred in 42% of these patients. The means (SD) of liver enzymes in patients without previous LTx/CLKTx were within normal ranges with only few patients showing mildly elevated values (less than two times upper limit of normal): alanine-aminotransferase (ALT; upper limit of normal (ULN) 49 U/l in males, 34 U/l in females) was elevated in 3/28 (11%) patients, aspartate-aminotransferase (AST; ULN 49 U/l in males, 34 U/l in females) in 1/26 (4%) patients and gamma-glutamyltransferase (GGT; ULN 65 U/l in males, 38 U/l in females) in 9/24 (38%) patients. Values for total bilirubin (ULN 1.0 mg/dl) were elevated in 2/17 (12%) patients. Evaluation of synthetic Time to first signs of hepatic involvement (hepatomegaly, cholangitis) and portal hypertension (splenomegaly, thrombocytopenia, anemia with hemoglobin <11.0 g/dl, leukopenia with white blood cell count <3500/µl, varices or variceal bleeding, sclerosing/operation of varices, implementation of portosystemic shunts) is indicated as dot plot in Fig. 2b . The median age at first documentation of thrombocytopenia was lower than the median age at first documentation of collateral blood flow and cholangitis. Cholangitis occurred in only four patients of this specific cohort at a median age of 21.8 years .
primary manifestations and establishment of diagnosis. One quarter of patients (7/28) showed prenatal anomalies with detection of oligo-or anhydramnios (5/27, 19%), renal cysts (2/25, 8%) and increased renal echogenicity (1/24, 4%). There was no documentation of prenatal hepatic anomalies. Thirteen of 32 (41%) patients showed some form of perinatal problems with 6/28 (21%) requiring assisted breathing or ventilation.
Approximately one third (16/45) of patients were primarily diagnosed by postpartal incidental findings (Fig. 3a) . Other reasons for initial visits at a doctor included diagnostic workup for failure to thrive, cardiac failure, macroscopic hematuria, urinary tract infection or respiratory distress syndrome. Median age at diagnosis 
Initial clinical symptoms most frequently encompassed arterial hypertension, palpable kidneys/tumor and extended abdomen. Almost one quarter of patients (8/34, 24%) initially suffered from urinary tract infections. Only one patient (1/34, 3%) primarily presented with gastrointestinal bleeding. Other symptoms encompassed acute renal failure, edema, macroscopic hematuria, enuresis/pollakisuria, icterus/dystrophy, vomiting, intussusception, inguinal hernia, pneumothorax and recurrent infections (Fig. 3a) .
PKHD1 sequencing was performed in 20 of the 45 patients included in the cross-sectional analysis with variant detection in 18/20 (90%) patients and a variant detection rate of 32/40 alleles (80%), in keeping with other studies 7, 11 . Of the 18 patients with PKHD1 variants, the diagnosis of ARPKD was confirmed in 7/18 patients (39%), remains probable in 4/18 (22%) and unknown in 7/18 patients (39%) according to the criteria of the American College of Medical Genetics 
Discussion
ARPKD typically is a disease of early childhood. Yet, given the progress in neonatal and pediatric care more and more patients reach adulthood. The clinical courses and complications in adulthood have not been described in detail. We may thus be facing novel challenges and even newly detected symptoms for this well-known disease as more and more adult ARPKD patients are being treated. We therefore performed a cross-sectional analysis with additional longitudinal data on young adult patients.
Our cohort of 45 young adults included in the cross-sectional analysis showed body dimensions within normal range despite the long-term disease courses. Importantly, almost half of the cohort showed stable native renal function in CKD stages 1-3. While some degree of survivor bias cannot be excluded, these findings are in accordance with previous observations 7 and suggest that kidney function in ARPKD may be better preserved than widely anticipated. The additional renal disease manifestations documented in our cohort also are consistent with previous descriptions 7, 11 . Hypertension was very common and multi-drug antihypertensive therapy was required in some patients.
Interestingly, kidney length at young adult age varied grossly, emphasizing the major variability of kidney size in ARPKD patients 15 . Notably, reported kidney lengths were only moderately above mean normal values also in those patients without prior renal replacement therapy. Our data may be subject to a detection bias since documentation of both height and exact pole-to-pole length was required which was only available for a small subgroup. Still the documented data suggest that clinicians may not necessarily expect increased kidney lengths in young adult ARPKD patients.
Liver disease appeared to present later in life. Hepatic disease in ARPKD comes with two main presentations. On the one hand portal hypertension may develop as a consequence of progressive hepatic fibrosis. Splenomegaly was documented only in one third of patients based on clinical examination but in 57% according to ultrasound. Since 42% of this sub-cohort of patients without previous LTx showed thrombocytopenia as a marker of hypersplenism, sonographic detection of splenomegaly may be more sensitive and appropriate. In contrast to this, hepatomegaly was clinically diagnosed in 30% of the patients, but sonographically confirmed only in 11% of all patients without previous LTx. A reason might be that the clinical detection of the liver margin below the right costal arch can be misinterpreted as hepatomegaly in the setting of enlarged kidneys.
A second aspect of liver involvement in ARPKD is cholangitis. Almost 10% of reported patients suffered from recent cholangitis at the timepoint of the cross-sectional study. The late presentation of cholangitis in our cohort may appear to be a sign of weak hepatic involvement in the group analysed here. Nonetheless, six of the 45 patients received CLKTx or LTx during childhood and adolescence.
Serum liver function tests were only slightly elevated in a minor subcohort of patients. Standard liver function tests may not adequately reflect liver involvement, a finding in line with previous data 11 . A potential correlation between renal and hepatic phenotypes in ARPKD has been discussed Fig. 4 ) suffered from gastrointestinal bleeding at the age of 36 years with mild morphological renal changes despite the detection of three PKHD1 variants including a truncating variant. In the rest of the cohort, we observed a tendency towards concomitant renal and hepatic phenotype with a greater proportion of hepatic manifestation in those patients who also required RRT.
Regarding extrarenal and extrahepatic organ manifestation we observed different patterns: while severely affected toddlers presented with pulmonary complications including right ventricular hypertrophy, requirement of supplemental feeding and neurodevelopmental delay in the first three years of life, reports of arterial hypertension and its complications span the first two decades. Episodes of sepsis span broadly over three decades. Interestingly, in our young adult cohort we did not have reports on cholangiocarcinoma or cerebral aneurysms. One possible influencing factor might be the young age of the majority of reported patients.
Three quarters of the cohort received their diagnosis within the first two years of life. The case of patient No. 41 (Fig. 4) stands out from the rest with genetic confirmation of ARPKD diagnosis at the age of 54 years showing a single cyst in one kidney with otherwise normal renal sonographic findings. In case of late manifesting disease, diagnosis of ARPKD can be challenging since the sonographic pattern can present atypically. Genetic testing may be required to establish the correct diagnosis.
Our study faces a number of limitations: This is a purely descriptive study on a very specialized subgroup of patients suffering from a rare disease. We also expect a selection bias as ARegPKD encompasses considerably more pediatric than adult centres. In addition, the ARegPKD consortium comprises mainly tertiary care centres and patients with milder phenotype not requiring renal or liver replacement therapy might be preferentially treated at smaller centres not participating in our registry. Furthermore, in less severely affected adult ARPKD patients this diagnosis may sometimes not be considered due to non-typical presentation, and severely affected deceased patients might not be included retrospectively. Also, genetic confirmation of the clinical diagnosis was performed in less than half of the population. Finally, datasets of this observational study were based on the documentation of daily clinical work and the voluntary entry of data by the participating centres and varied in clinical deepness resulting in variable numbers of informative cases for specific analyses. The voluntary reporting may introduce selection bias regarding reporting centres as well as reported patients. The data thus represent a "real world" clinical setting. For some aspects the numbers thus remained small and should be considered as a first step to gain insights in the broad clinical picture.
The limitations are in part compensated by the relatively large number of young adult ARPKD patients, a very specialized subcohort of a rare disease, with description of the phenotypic spectrum. Hence, our study provides important information for attending physicians in a multi-disciplinary setting for both early-manifesting adult ARPKD patients with multiple medical issues as well as late-manifesting patients with atypical presentation or findings. An important conclusion from our data is that ARPKD should also be considered as a differential diagnosis in adult patients with cystic kidney disease with or without renal replacement therapy. Signs of hepatic involvement and portal hypertension such as thrombocytopenia or splenomegaly may be helpful for clinical guidance. A high level of suspicion is required to identify adult ARPKD patients and a specific work-up of liver involvement including the search for signs of portal hypertension should be considered in adult patients with cystic kidney disease.
Methods
Registry. Pediatric and adult patients with the clinical diagnosis of ARPKD were enrolled and followed in the international ARegPKD cohort study according to the clinical criteria of the protocol previously described 21, 22 . The study protocol was approved by the Ethics Committee of the Faculty of Medicine of Cologne University and the Institutional Review Boards of participating sites. Approving ethics committees/institutional review boards of the participating co-authors of this subproject were: Ethics Committee of the Heidelberg University Clinic, Heidelberg, Germany; Commissie Medische Ethiek UZ KU Leuven/Onderzoek, Leuven, Belgium; Ethics Committee at the Medical Faculty and at the University Hospital of Tuebingen, Tuebingen, Germany; Ethics Committee of the Faculty of Medicine of the University Duisburg-Essen, Essen, Germany; Ethics Committee of the Friedrich-Alexander-University Erlangen-Nuremberg, Erlangen, Germany; Ethics Committee, The Phillips University Marburg, Marburg, Germany; Comité d'Éthique du CHU de Lyon, Lyon, France; Ethic committee of University Children's Hospital, Belgrade, Serbia; Bloomsbury Research Ethics Committee, London, United Kingdom; Children's Memorial Health Institute Bioethical Committee, Warsaw, Poland. Subject pseudonymisation is performed at the local centre after written informed consent from the participants and/or their legal guardians in accordance with local regulation. In brief, a basic dataset and follow-up visits are documented in ARegPKD. Pro-and retrospective visits are scheduled to be entered annually, but documentation at flexible time intervals is possible. While disease-defining questions require obligatory entry, data entry of items on clinical information is flexible and numbers therefore vary. Details on the collected data and data quality control were depicted previously 21, 22 . For genetic analysis all reported PKHD1 variants were classified with regard to pathogenicity according to the revised criteria of the American College of Medical Genetics 23 . Estimated glomerular filtration rates (eGFR) were calculated according to full age spectrum (FAS) formula 24 . Results of laboratory testing were considered if performed not more than 12 months prior to visit date, results of sonographic examinations if performed not more than 24 months prior to visit date and if examinations were performed at age ≥ 18.0 years. Sonographic kidney enlargement was defined as bilateral pole-to-pole-length (PTP) > mean + 2SD for pediatric and adult measurements according to normal values for children 25, 26 and adults 27 . Sonography-based kidney volumes were calculated according to the ellipsoid formula (length × width × depth × π/6). Liver size in medioclavicular line (MCL) was interpreted according to available pediatric and adult cohorts 28, 29 with MCL > mean + 2SD (for children) and MCL > 17.4 cm (for adults) indicating hepatomegaly 29 . Sonographic splenomegaly was diagnosed according to www.nature.com/scientificreports www.nature.com/scientificreports/ the upper limits suggested by pediatric and adult cohort studies [30] [31] [32] unifying to a definition of splenomegaly for spleen length >mean + 2SD in pediatric and ≥13.0 cm in adult patients.
statistics. Forty-nine adult patients were identified. Data sets of 45 patients with at least one clinical visit at age 18 to 34 years were included in the cross-sectional analysis. In order to unify the time point of cross-sectional analysis, the visit closest to the age of 26 years was chosen for analysis regarding general patient characteristics as well as kidney and liver phenotype with respect to clinical and sonographic characteristics ("analysed visit"). Four patients had no documented visit at age 18 to 34 years and were only considered in the longitudinal analysis of organ replacement therapies (Fig. 4) . Complications occurring in the 45 patients were reported in a time-to-first-event-manner. Continuous variables with normal distribution were expressed as mean (±SD), with non-parametric distribution as median (range or interquartile range (IQR)). Counts and proportions were expressed as number/total number informative cases (percentage). Informative cases were defined as cases with sufficient information for a specific analysis. Numbers therefore vary according to data availability. Survival rates were estimated by the Kaplan-Meier method. The analysis was conducted using R 3.4.2.
Data Availability
The data that support the findings of this study are available, on reasonable request, from the corresponding author.
